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The effective indices of the cladding modes of optical fibers depend on the refractive index of the
medium surrounding the fiber. We show experimentally and theoretically that while cladding
modes with similar effective indices normally have similar refractometric sensitivities, the addition
of a 50 nm thick gold sheath enhances the sensitivity of some EH modes by more than one order of
magnitude while nearly completely suppressing the sensitivity of neighbouring HE modes (by
three orders of magnitude, down to insignificant levels). A differential sensitivity of 1000 nm/
(refractive index unit) is experimentally reported between adjacent EH and HE grating resonances.
VC 2011 American Institute of Physics. [doi:10.1063/1.3615712]
There are many ways to use optical fibers to measure
the refractive index of materials. When the evanescent field
of a propagating mode extends outside of the fiber, the effec-
tive index of the mode (neff) depends on the refractive index
of the surrounding medium (SRI¼ “surrounding refractive
index”).1 The sensitivity of mode effective indices depends
on the overlap of the field with the medium to be measured,
and most fiber optic based refractometers have increasing
sensitivity for SRI approaching the index of glass or 1.45. In
order to achieve high sensitivity for lower SRI, such as
water-based environments, high order cladding modes (hav-
ing lower values of neff) must be used near their cut-off
wavelengths (to maximize their evanescent field penetra-
tion).2–4 In all cases, the intrinsic sensitivity of fiber cladding
modes SI (Dneff/DSRI) peaks near 0.02 for wavelengths
where the modes reach cut-off. If a grating is used to mea-
sure neff, the intrinsic sensitivity yields a spectral shift sensi-
tivity Sk¼Dk/DSRI¼ SIDk/Dneff, where Dk/Dneff is equal
to the grating period K, because of the phase matching
condition for modes coupled by a grating,4 kiclad
¼ ðneff;coreþneff;cladÞK; where kiclad is the resonance wave-
length of the ith cladding mode and neff,clad is the corre-
sponding effective refractive index while neff,core stands for
the effective refractive index of the core mode. Finally, the
minimum detection level (DL) for a wavelength-based re-
fractometer is proportional to the ratio of the spectral sensi-
tivity to the full-width at half-maximum (FWHM) of the
resonance being followed (DL¼ const.Sk/FWHM).5
The purpose of this paper is to show that a metal sheath
having a thickness of the order of 50 nm enhances Sk (and
DL, since the FWHM does not change) by more than one
order of magnitude for certain modes and suppresses it by
two orders of magnitude for spectrally adjacent modes. We
use a Tilted Fiber Bragg Grating (TFBG) to separately excite
the sensitive and insensitive mode families. This feature of
metal-coated TFBGs can then be used to measure SRI with
great accuracy through differential spectral shift measure-
ments on adjacent resonances. The results reported here are
consistent with plasmonic enhancements of Sk
1,6 but high-
light the polarization origin of the strong differential Sk
between EH and HE modes caused by the thin metal layer.
The vectorial modes in a SMF coated with a thin metal
sheath can be obtained either analytically using a 4-layer
model7 or via the transfer matrix method formulated in cylin-
drical coordinates.8 Here, we used the second formalism to
compute the effective indices of high-order HE and EH clad-
ding modes of the fiber that we used experimentally (Corn-
ing SMF-28) with water as the surrounding medium. The
calculations were then repeated with a 50 nm thick gold
sheath on the cladding. Since a metal layer is involved, the
roots of the dispersion equation must be found in the com-
plex plane: we used a combination of the Cauchy integration
method with fine “polishing” of the roots by Mue¨ller’s
method as described in Ref. 9 for the equivalent planar case.
To determine the sensitivity, the calculations were repeated
with values of SRI varying from 1.315 (index of water) to
1.3151 in steps of 1 105. The fiber core and cladding re-
fractive indices were taken to be 1.4504 and 1.444024,
respectively, at a wavelength of 1550 nm, with core and
cladding diameters of 8.3 and 125 lm. We used a complex
refractive index of 0.55j11.5 for the gold.10 The results of
these calculations can be expressed in terms of spectral sen-
sitivities for a grating period K¼ 553.478 nm in the core
(similar to the grating used in the experiments).
Since the range of effective indices studied is smaller
than 104 and since the resonance wavelengths of the modes
considered differ by less than 5 nm, chromatic dispersion
was neglected. Fig. 1(a) shows the computed effective index
shifts for some HE1,m and EH1,m cladding modes without the
gold sheath. We note that: (i) the bulk sensitivity is directly
related to the mode order, with the highest sensitivity
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observed for the mode of highest order (EH1,47 in this case)
and (ii) HE and EH modes of similar order (e.g., the HE1,48/
EH1,47 pair) present a similar bulk sensitivity. Fig. 1(b)
shows the computed effective index shift for the same modes
but now for the TFBG with the gold sheath. We now observe
that the sensitivity of HE modes is strongly suppressed
(1000 less). On the other hand, some EH modes couple
strongly to the surface plasmon polariton (SPP) localised at
the outer gold surface and, thus, have increased sensitivity.
The sensitivity of the EH1,46 mode, in particular, is 20
higher than the highest order cladding mode without the gold
sheath (EH1,47—Fig. 1(a)). The effective indices of the most
sensitive modes are, 1.3241 and 1.3233, and their mode
power attenuations (MPAs) are 29.00 and 5.21 dB/mm. The
large MPA of these modes broadens the resonances so that
tracking the shift in resonance of an individual mode is
difficult.
Fig. 2 shows the radial dependence of the real part of the
Poynting vector Re{Sz} of the EH1,46 and HE1,47 modes for
the SMF-28 with the gold sheath. Strong coupling to the SPP
localised at the outer gold surface is noted in the case of the
EH1,46 mode, whereas essentially no field of the HE1,47
mode couples to the metal nor penetrates the sensing me-
dium. This occurs because the main transverse electric field
component of the EH1,46 mode is perpendicular to the gold
sheath while that of the HE1,47 mode is tangential. The usual
boundary conditions for electromagnetic fields at the boun-
daries of good conductors, thus, ensure that the EH1,46 mode
can tunnel across, whereas the HE1,47 mode is well shielded
(this shielding occurs for all HE modes). A summary of the
calculated sensitivities is provided in Table I.
We use 1 cm-long TFBGs manufactured into hydrogen-
loaded SMFs using a 248 nm excimer pulsed laser and the
phase mask technique. The internal tilt angle was set to 10
to ensure strong coupling to cladding modes with an effec-
tive refractive index close to 1.30.4 A 50 nm gold sheath was
deposited using a sputtering process in two steps. A first dep-
osition was performed with the fiber placed horizontally
above the target and a second one after a rotation of 180
along its axis. This two-step gold deposition process yields
an adequate but non-uniform gold coating (sheath) around
the fiber cross-section.11 The fiber orientation was, therefore,
carefully positioned in the sputtering chamber to ensure that
the tilt plane of the TFBG was placed parallel to the region
of higher gold thickness facing the sputtering source.
In our experiments, a linear polarizer placed in the path
between the optical source and the TFBG allows us to con-
trol the state of polarization of the light launched into the
grating. The polarizer is rotated to record two orthogonal
amplitude spectra for a TFBG immersed in an aqueous solu-
tion, as shown in Fig. 3. The orthogonal states are identified
as follows. The polarizer is first adjusted to maximize the
plasmon attenuation in the TFBG amplitude spectrum (the
corresponding spectrum is referred to as the p-polarization in
the following). Then, the linear polarizer is rotated by 90 to
record the orthogonal spectrum for which the plasmon
attenuation is close to zero (s-polarization), i.e., with
resonances at maximum amplitude.12 For both spectra, the
position of some cladding mode resonances are computed
and tracked as a function of the SRI. To generate controlled
refractive index variations, we added small amounts of pure
water to a saturated solution of salt (LiCl chosen instead of
NaCl, because it provides a larger range of refractive indices
in water). The absolute value of the starting refractive index
of the solution was measured with a commercial refractomer
with a nominal accuracy of 104. By measuring the added
volumes with an accuracy of 0.1 ml and controlling the tem-
perature to 0.1 C, we obtained a nominal uncertainty no
greater than 1.12 105 RIU (RIU¼ refractive index unit)
for the refractive index increments. Fig. 4 shows the shift in
s and p cladding mode resonances near 1545 nm (cf. inset of
Fig. 3) as a function of the change in SRI, confirming the
strong sensitivity of the p mode to the SRI, while the s mode
remains quasi unaltered. The linear fit of the p mode
FIG. 1. (Color online) Computed effective index shifts of modes in water solutions with increasing index: (a) no gold and (b) with a 50 nm thick gold sheath.
FIG. 2. (Color online) Radial dependence of Re{Sz} of the EH1,46 and
HE1,47 modes in a SMF-28 with a 50 nm thick gold sheath. The inset shows
an enlarged version near the cladding boundary.
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resonance near 1545 nm yields a maximum sensitivity of
more than 1000 nm/RIU about 2 higher than values com-
puted theoretically for the most sensitive EH mode (see Ta-
ble I). For the adjacent s mode, the measured slope of the
wavelength shift is slightly positive (40 nm/RIU) but has a
margin of error that includes the theoretically predicted zero
slope for the investigated SRI range along with a low R2
coefficient. The most remarkable aspect of this result is that
the large sensitivity difference observed for this pair of p and
s modes does not occur at the peak of the plasmon resonance
(near 1551 nm here). As indicated in some of our earlier
experimental investigations,12,13 resonances at the plasmon
peak are too attenuated and broadened to allow a precise
measurement of the resonance position. Therefore, narrow
resonances located on the edge of the plasmon envelope pro-
vide a better tool to follow small wavelength shifts while still
benefiting from some sensitivity enhancement arising from
plasmon coupling. The experimental EH mode sensitivity
observed here is significantly larger than predicted by theory,
indicating that some of the parameters used in the simulation
do not fully reflect the actual devices fabricated (the most
likely culprit being the gold sheath, which may have optical
parameters that differ from the bulk values used in
simulations).
In this letter, we have demonstrated that a thin gold
sheath deposited on the cladding an optical fiber consider-
ably enhances the sensitivity of some EH cladding modes to
surrounding refractive index changes while nearly com-
pletely suppressing the sensitivity of the neighbouring HE
modes. By launching linearly polarized light into a 1 cm-
long 10 TFBG with a 50 nm gold sheath, the EH and HE
modes can be excited separately and this allows the predicted
differential sensitivity to be observed directly. For one EH
mode located on the edge of a plasmon resonance, a sensitiv-
ity of 10376 25 nm/RIU was obtained experimentally. This
differential sensitivity between this mode and the adjacent
insensitive HE mode is responsible for the recent demonstra-
tion of a TFBG-SPR sensor with a minimum detectable level
of SRI change lower than 105.13
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TABLE I. Experimental and computed bulk sensitivities of representative
EH/HE modes in SMF-28 with and without a 50 nm thick gold sheath.
Mode
Simulation (no Au)
(nm/RIU)
Simulation (Au)
(nm/RIU)
Experimental (Au)
(nm/RIU)
EH 1,46 14.32 522.24 10376 25
EH 2,46 12.54 73.72
EH 1,45 11.17 17.54
EH 1,47 21.38 14.44
EH 2,45 10.11 5.85
HE 1,47 11.97 0.0038 406 42
HE 2,46 14.16 0.0019
HE 2,45 10.45 0.0013
HE 1,46 9.32 0.0013
FIG. 3. (Color online) Orthogonal transmitted amplitude spectra for a 10
TFBG with a 50 nm thick gold sheath immersed in a water-salt mixture.
Arrows indicate the spectral positions of the resonances at the maximum of
the SPR attenuation and of the s-p pair used for the refractometric measure-
ments (Fig. 4).
FIG. 4. (Color online) Experimental wavelength shifts of s and p modes
near 1545 nm in water-salt mixtures. Straight lines are linear fits to the
data.
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